Abstract-Field applications of existing sensing solutions to structural health monitoring (SHM) of civil structures are limited. This is due to economical and/or technical challenges in deploying existing sensing solutions to monitor geometrically large systems. To realize the full potential of SHM solutions, it is imperative to develop scalable cost-effective sensing strategies. We present a novel sensor network specifically designed for strain sensing over large surfaces. The network consists of soft elastomeric capacitors (SECs) deployed in an array form. Each SEC acts as a surface strain gage transducing local strain into changes in capacitance. Results show that the sensor network can track strain history above levels of 25 με using an inexpensive off-the-shelf data acquisition system. Tests at large strains show that the sensor's sensitivity is almost linear over strain levels of 0-20%. We demonstrate that it is possible to reconstruct deflection shapes for a simply supported beam subjected to quasi-static loads, with accuracy comparable to resistive strain gages.
I. INTRODUCTION

S
TRUCTURAL health monitoring (SHM) can be defined as the automation of damage assessment. When applied to geometrically large systems, such as bridges, aircraft, and wind turbines, this task becomes complex because of the existing economical and/or technical challenges in deploying existing sensing solution at the mesoscale. For instance, static-based Manuscript received December 15, 2012 methods, which include fiber optics [1] - [3] , typically lead to direct signal processing, but the technologies can be expensive to deploy over large surfaces. On the other hand, dynamic-based methods, which include accelerometers [4] - [6] , are typically inexpensive to deploy, but they often overlook the complexity of damage diagnosis and localization [7] . We present a novel sensor network designed for cost-effective SHM of large surfaces, applicable to civil structures and other geometrically large systems. The sensor in this network consists of a distributed array of soft elastomeric capacitors (SECs) constituting surface strain gages. Each SEC is fabricated from a thermoplastic elastomer matrix of poly-styrene-co-ethyleneco-butylene-co-styrene (SEBS) doped with titanium dioxide (TiO 2 ), sandwiched between electrodes composed of SEBS mixed with carbon black (CB).
Soft elastomeric sensors have previously been proposed for SHM of civil structures [8] - [11] . Popular applications include carbon nanotubes within the elastomeric substrate to create resistive strain sensors [12] , [13] . Capacitance-based film-type sensors have also been proposed, which include applications to humidity [14] , [15] , pressure [16] , strain [17] , [18] , and triaxial force [19] measurements. The proposed SEC differs from the literature by combining both a large physical size and high initial capacitance, resulting in a larger surface coverage and higher sensitivity. The SEC constitutes a promising candidate for strain sensing over large surfaces.
Compared with other existing sensing solutions, the proposed sensor is an alternative to fiber optics. With both fiber optic sensors and the SEC technology, strain data can be measured over large systems. The SEC network offers the advantages of being 1) cost-effective, 2) operable at low frequencies, 3) mechanically robust, 4) low-powered, 5) easy to install onto surfaces, and 6) customizable in shapes and sizes. The proof-ofconcept of the SEC technology has been demonstrated by the authors with an off-the-shelf flexible capacitor [20] , and with the nanoparticle mix described above [21] .
In this paper, we characterize the sensor performance for strain sensing as a single sensor and in a network configuration. This characterization is conducted by comparing the performance of the SEC against off-the-shelf resistive strain gages (RSGs). We also demonstrate the application of an SEC network for reconstructing deflection shapes of a simply supported beam.
The paper is organized as follows. Section II describes the sensor fabrication, sensing principle, transducer model, and shape reconstruction algorithm. Section III verifies a single SEC at tracking time history of strain, and validates the performance of four SECs organized in a network to capture deflection shapes. Section IV discusses the results and concludes the paper.
II. BACKGROUND
A. Sensor Fabrication
The sensing hardware developed for strain sensing over large surfaces is an array of SECs acting as large-scale surface strain gages. Each SEC is composed of a nanocomposite mix of SEBS (Dryflex 500120) doped with rutile TiO 2 (Sachtleben R 320 D) serving as a dielectric for the capacitor. The TiO 2 is selected to increase the materials permittivity and robustness with respect to mechanical tempering. This dielectric is sandwiched between compliant electrodes fabricated with the same SEBS mixed with CB particles (Printex XE 2-B) [21] . Fig. 1 shows the picture of a single SEC. Fig. 2 illustrates the fabrication process of an SEC. The process is initiated by the fabrication of a SEBS/toluene solution. Part of this solution is used to create the nanoparticle mix, in which TiO 2 particles are added and dispersed using an ultrasonic tip. The resulting mix is drop-casted on a glass slide, and dried over five days to allow complete evaporation of the solvent. Meanwhile, the remaining SEBS/toluene solution is used to create the compliant electrodes. Here, CB particles are added instead of TiO 2 to create a conductive mix. Finally, the CB mix is sprayed or painted on both surfaces of the dried polymer.
B. Sensing Principle
The capacitance C of an SEC is written as
where e 0 = 8.854 pF/m is the vacuum permittivity, e r is the dimensionless polymer relative permittivity, A = w · l is the sensor area with width w and length l, and h is the height of the dielectric. Given an unidirectional strain in the length l of the sensor (Δw = 0, due to the epoxy), a small change in C can be obtained from (1) by expressing the differential ΔC as
The poisson ratio of pure SEBS materials has been reported to be 0.49 [22] . The elastomer can be assumed to be incompressible, where the nominal volume V = w · l · h will be preserved after the SEC geometric deformations Δl and Δh
It now follows from (1)- (3) that
where ε s is the sensor strain. Equation (4) represents the sensitivity of the sensor. This sensitivity can be increased by decreasing the SEC thickness, increasing the width, or increasing the dielectric permittivity, which is attained by altering the nanocomposite mix [23] . It is therefore possible to customize the sensitivity for a given geometry. For the SEC shown in Fig. 1 (C ≈ 595 pf, w = l = 70 mm, h = 0.3 mm), the resulting sensitivity is
Note that the sensitivity of each SEC may vary by ±20% due to the manual fabrication process. The sensing principle for the sensor consists of directly measuring the relative changes in capacitance of an SEC over time. Fig. 3 illustrates the measurement principle. The sensor is adhered onto the monitored surface using an epoxy. A strain on the monitored surface provokes a change in the sensor geometry Δl, which is measured by the data acquisition system (DAQ) as a change in the capacitance ΔC, or the relative change ΔC/C, where C is the nominal capacitance.
C. SEC Signal-Strain Model
Several models have been studied to describe the stress-strain relationship for thermoplastic elastomers, which is dominated by a nonlinear rate-dependant response. This nonlinear response is further complicated by additional nonlinearities from hysteresis and Mullins' effect [24] . A typical constitutive model used to represent the mechanical behavior is a three-parameter rheological model, in which an elastic spring and a visco-plastic dashpot in series are installed in parallel with a hyperelastic rubbery spring [25] . The three-parameter model has been used in civil engineering, for system identification of rubber bearings used for base isolation [26] , [27] . In the proposed application, we assume that the materials on which the polymer is bonded are significantly stiffer than the SEC. For a 2-D bending beam subjected to low-frequency excitations, one can write
where ε m is the strain of the monitored beam surface, c is the distance from the surface to the centroid of the beam, y is the deflection [downward in Fig. 4(c)] , and x is the longitudinal Cartesian coordinate [rightward in Fig. 4(c) ]. Using (4) and (6), one obtains a gage factor independent of the nanoparticle mix
D. Shape Reconstruction
The problem of real-time reconstruction of deflection shapes from position and curvature measurements from sensor networks has been widely studied, with applications to condition assessment, SHM, and shape control [28] - [31] . Here, we select the polynomial interpolation method for reconstructing the deflection shapes from a network of curvature data, a technique also used to smoothen data. The algorithm consists of fitting the curvature data using a polynomial function. In the case of a 2-D beam equipped with four sensors, the fitting function is taken as a third degree polynomial to avoid possible over-fitting [28] , [31] 
where the hat denotes an estimation for the jth sensor. Minimizing the error J for n sensors,
leads to the expression
with
Once the parameters A are determined, the deflection shape is obtained by integrating the curvature twice
where L is the length of the beam. Enforcing the boundary conditions y(0) = y(L) = 0 for a simply-supported beam, one obtains
III. LABORATORY VERIFICATIONS
A. Experimental Setup
In this section, the proposed sensor network is validated using 1) a single SEC, and 2) four SECs organized in a network, both measuring surface strain of a bending beam. An additional test is conducted on a free-standing sensor to study its behavior under large levels of strain (0-20%). We use the same SEC sensor size as shown in Fig. 1 . A typical experimental setup is shown in Fig. 4 . SECs and RSGs are installed following a similar procedure. The monitored surface is sanded, painted with a primer, and a thin layer of an off-the-shelf epoxy (JB Kwik) is applied on which the sensors are adhered.
In the single SEC bending tests, the SEC and strain gage are located under the beam at x = 0.50 L. For the four SECs tests, the SECs and strain gages are located under the beam at x = {0.20, 0.40, 0.60, 0.80}L, as shown in Fig. 4(b) and (c). The load is applied using a hand operated hydraulic test system (Enerpac) for the static tests, and a servo-hydraulic fatigue testing machine (MTS) for quasi-static tests. All tests are repeated three times. In the free-standing tests, the sensor is prestretched at approximately 1.5% strain and subjected to a uniaxial tensile strain using an Instron universal testing machine (model 5569).
Data from the SECs are acquired using an inexpensive offthe-shelf data acquisition system (ACAM PCap01) sampled at 95.4 Hz for the single SEC setup (including the free-standing setup), and 48.0 Hz for the four SECs setup. The SEC readings are compared against RSG with resolution of 1 με (Vishay Micro-Measurements, CEA-06-500UW-120). Strain gage data are acquired using a Hewlett-Packard 3852 data acquisition system, and data sampled at 1.7 Hz when using the hand hydraulic, and 55 Hz when using the MTS.
Data are filtered using a low-pass filter, and zeroed using the average capacitance while the beam is unloaded. 
B. Validation of the SEC
A single SEC is first validated using a step load. Fig. 5 is a plot of the results in which the capacitance signal has been transformed into strain using (7). The SEC signal raises above noise beyond 25 με, but for strain levels above 55 με, there is a constant difference of approximately 8 με. Fig. 6 shows the results from a typical quasi-static load test. The excitation history consists of a displacement-based triangular wave loads with increasing frequencies from 0.0167 to 0.40. Results show that the SEC is capable of tracking a quasi-static strain history within a given level of resolution. Fig. 7 is a plot of the SEC readings in function of the strain measured by the RSG, validating the linearity of the sensor. Its measured sensitivity is in agreement with (5) .
Given that the dielectric permittivity does not change significantly in the low-frequency range (< 100 Hz) [32] , a large portion of the measurement errors in both Figs. 5 and 6 can be attributed to the electronics. First, there is a parasitic capacitance in the cables connecting to the sensors, which causes variations in the measured capacitance. Because SECs require very small power, this noise can be minimized by digitizing the signal at the source, enabling long distance transmissions, either over a wired or wireless link, with essentially no signal degradation. Second, the DAQ itself may not have the sufficient resolution for measuring small changes in capacitance. For instance, using (5), the measurement of 1 με over the SEC corresponds to measuring a change of 0.00119 pF. Third, there is a small linear drift in the signal. This drift can be seen in both Figs. 5 and 6, where the SEC signal does not return to the zero strain line. While this drift could be filtered out, future developments in a dedicated DAQ systems for SEC measurements may minimize this noise. Other sources of error may come from imperfections in the sensor fabrication and geometry, and/or a slight angle in the application of the sensor which would change the geometric relationship described in (2) .
A net advantage of the SEC is its high elasticity compared to conventional strain transducers, enabling measurements of large strain levels. To study the behavior of the SEC at large strains, the sensor is subjected to a triangular strain ramping from 0 to 20% in approximately 2% increments. Fig. 8 shows a plot of the measured capacitance versus applied strain after prestretch, along with the applied strain history. Results show that the sensor exhibits a slight nonlinearity over the range 0-20%. Note that, in a free-standing setup, the sensitivity cannot be obtained using (5) , because ε y = 0. Also, the differential form of (1) given by (2) does not apply for a large strain, which explains the loss in linearity compared to Fig. 7 . Nevertheless, it is possible to model the nonlinear sensitivity of the sensor for large strain measurements. 
C. Shape Detection Using a Sensor Network
This section demonstrates an SHM application using a network of SECs. Strain measurements from four SECs are used to reconstruct the deflection shapes using the representation from (12) . Note that the double integration of strain data to reconstruct the deflection shape may cause an accumulation of errors. This effect is minimized by the utilization of the polynomial fit that inherently filters the strain data and by the enforcement of the boundary conditions (y(0) = y(L) = 0). In implementations, it would also be possible to further reduce the error, for instance, by averaging the resulting shapes within small periods of time, depending on the sampling rate. Fig. 9 shows the strain time history of the four SECs subjected to a static load. The comparison of results between Fig. 9(a) and (b) shows that the results from the SECs agree with the RSGs at low levels of strain (< 100 με), but the discrepancy increases with the level of strain, reaching up to 100 με. Note that the small difference between symmetric strain gages (RSG 1 versus RSG 4 and RSG 2 versus RSG 3 ) can be explained by a slight offcentered installation of sensors and/or application of the load.
Using the surface strain data for Fig. 9 , the deflection shapes are estimated and shown in Fig. 10 for a typical result (at time t = 25 s). The shape obtained from the SECs is compared against the shape obtained from the RSGs using the same procedure as described in Section II-D. Results are compared against the analytical solution using Euler-Bernoulli beam theory
where y(x) is symmetry about L/2, P = 120 N is the applied load at time t = 25 s, and E and I are Young's modulus and Taken over the entire length of the test, the average RMS errors augment to 1.32 mm/mm and 3.50 mm/mm for the SECs and RSGs, respectively. This increase is due to the larger errors at the unloaded conditions, during which the polynomial reconstruction gives inaccurate results. Finally, we subject the specimen to the triangular load (displacement-based) with increasing rate described in Section III-B. The strain time histories for the SECs and RSGs, and the actuator displacement history are shown in Fig. 11 . Results show that the SECs are capable of tracking the strain history, but that the SECs increasingly underestimate strain with increasing strain magnitude, except for SEC 3 which is overestimating strain. Another feature is that SEC 2 is showing an important difference with respect to SEC 3 in the measurements, a difference minimized between RSG 2 and RSG 3 . Note that this difference should theoretically be zero if the sensors are placed symmetrically. This difference was not observed in the triangular load test (see Fig. 9 ). As discussed earlier, a small offset in the installation can explain the difference between RSG 2 and RSG 3 . Fig. 12 compares the RMS error of the normalized deflection shapes with respect to the analytical solution. The SEC network obtains a more accurate shape than the RSG network beyond an initial level of loading. Here as well, when the beam is unloaded, the noise in the sensor signals results in inaccurate deflection shapes. The significant difference in performance between both sensors can be attributed to the SECs averaging strain over a large area, while the RSGs measure a localized strain. SECs are less sensitive to placement errors. 
IV. DISCUSSION AND CONCLUSION
We have presented a sensor network developed for strain sensing over large surfaces. The network consists of SECs arranged in an array form, transducing strain into changes in capacitance. These elastomeric sensors are fabricated in laboratory using solutions of SEBS+TiO 2 for the dielectric and SEBS+CB for the compliant electrodes.
Results from the experimental validation demonstrated that the sensor compares well against off-the-shelf resistive strain gages. Given the relative size of a single SEC compares with an RSG, it follows that the sensor can be used as a surface strain gage capable of covering large areas. It was also shown that the sensor can measure large strains in the levels of 0-20%. The installation procedure used for the laboratory experiments consisted of a hand installation using an off-the-shelf epoxy. This demonstrates the easy applicability of the sensing solution.
Results also show that the sensor has a tendency to underestimate strain. The underestimation of strain can be due to parasitic capacitance from the wires, complexity in measuring low changes in capacitance using off-the-shelf DAQ, drift in the signal, impurities in the sensor fabrication, and/or inconsistencies during the manual installation. We envision the development of a dedicated data acquisition systems for measuring differential capacitance, which would increase the resolution of the sensor at levels comparable to conventional strain gages. This underestimation of strain limits the capability of extracting accurate physics-based features associated with nonnormalized displacement values.
The SEC sensor network has been demonstrated in a four SECs setup to detect deflection shapes of a simply supported beam. The deflection shapes have been reconstructed using a simple polynomial algorithm. Results have shown that the SECs were underestimating the real shape, consistent with results discussed earlier, but were estimating the normalized deflection shapes accurately. Comparisons with RSGs showed that the SECs were estimating the normalized shapes with less error. This good performance can be explained partly by the capacity of the SECs to average strain over a large area, unlike RSGs that measure localized strain. This particularity represents a strong advantage of SECs over RSGs.
The proposed sensor network is a promising tool for conducting SHM at the mesoscale. In a network setup, the network could be used to collect 2-D strain data, from which physicsbased features can be extracted, including overstresses, torsion, utilization history, etc. These features can subsequently be utilized as input to forecast models to conduct structural diagnostic and prognostic. Possible applications other than extraction of deflection shapes include crack detection and localization on concrete structures, detection of permanent deformations on steel members, and weigh-in-motion sensing.
